Long-standing concerns about the effects of scallop dredging and demersal trawling on high diversity mudstone reef and cobble habitats in Lyme Bay, southwest 
funded by the UK Department of Environment, Food and Rural Affairs to design and 8 implement a study (initially funded for 3 years) to examine the effects of the closure 9 on both nekton and epibenthos. This paper provides a detailed account of the 10 methodology employed from survey design to data analysis to provide a protocol for 11 future MPA monitoring programmes. Information on historical fishing effort, substrate 12 distributions and current and previous closure boundaries was overlaid using GIS to 13 locate suitable monitoring sites. Non-destructive and cost-effective techniques, 14 including a towed high-definition video array and static baited video, were used to 15 quantify changes in relative abundances of epibenthos and nekton over three years 16 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1 Introduction 1 Marine conservation concerns have been increasingly addressed over the last two 2 decades by means of area-based methods [1, 2] , including Marine Protected Areas 3 (MPAs, however defined), rather than fishery-specific management tools [3] . This 4 has been a general trend, but with different rates of uptake internationally according 5 to management culture, history and established pattern of use [4] . In the UK, 6 adoption of this so-called ecosystem approach [5, 6] has been relatively recent [7] . 7
Prior to 1981, protection of marine sites in the UK relied on Voluntary Marine 8 Conservation Areas (VMCAs). More than 20 were established, and some are still 9 extant, but they provided limited protection, and were not systematically selected. 10
Legislative changes in the Wildlife and Countryside Act 1981 provided for the 11 designation of statutory Marine Nature Reserves (MNRs); however only three were 12 ever established: at Lundy (1986), Skomer (1990) and Strangford Lough (1995) [8] . 13 More recently, policy shifts at the European and national level have led to the on-14 going designation of a network of small multiple-use MPAs designed to represent 15 and conserve marine habitats and species. These Special Areas of Conservation 16 (SACs) and Special Protection Areas (SPAs), collectively called European Marine 17
Sites (EMSs) are required under European law [9, 10] . However, while welcomed by 18 conservationists, there are concerns that they do not contain no-take areas [11] , and 19 that their effectiveness may therefore be limited. Only Lundy, re-designated as the 20 arine conservation zone (MCZ) in 2010 under the Marine and Coastal 21 Access Act 2009, contains a no-take area. 22
In contrast, international adoption of MPAs has been widespread and rapid 23 [12, 13, 14, 15] . Common (but by no means universal) themes have been the 24 designation of relatively large areas containing a combination of zones with varying 25 levels of protection, clearly articulated goals and objectives for each MPA, and 26 formalised consultative processes with significant stakeholder input [16, 17, 18] . 27
This international adoption of MPAs as a management tool has been mirrored by the 28 rapid development and adoption of quantitative methods of planning for such areas 29 [19, 20, 21, 22] , specifically in evaluating design alternatives to minimise economic, 30 social or ecological cost [23, 24] , for instance by using optimisation techniques such 31 as the software pack Marxan [25] . 32   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 This paper reports on the development and implementation of a robust monitoring 12 program to quantify restoration of epibenthos subsequent to the imposition of the SI, 13 including the appropriate methods, design, and analyses, plus example data from 14 the first two years of this important trial of marine conservation policy in the UK. 
Study rationale and spatial design

26
Tests of the effectiveness of management interventions seldom take place on a 27 blank canvas. In the case of the Lyme Bay closure, the study design had to take into 28 account historical patterns of use, including existing voluntary closures, distribution 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 5 of fishing effort, and differences in benthic habitat types. In addition, the design 1 required extensive spatial replication to account for landscape-scale variability. 2 Importantly, the study also had to be considered within the wider context of Lyme 3
Bay ecosystems. The bay has been a productive fishery, both for static and mobile 4 gear, for many years. It is also a valuable recreational resource [31] , and some 5 offshore areas are used for aggregate extraction [46] . Previous studies [32, 34, 35, 46 ] 6 had evaluated the relative sensitivity of areas of Lyme Bay reefs, and highlighted the 7 contribution of the mudstone reefs to local and regional biodiversity [46] . Many of the 8 sessile species associated with these reefs are long-lived, slow-growing and 9 therefore particularly vulnerable to the effects of bottom towed fishing gear [47] . It 10 was these species and their associated epifauna in reef habitats that were the focus 11 for this study. 12
To select candidate sites for monitoring, spatial analysis of three types of information 13 was conducted using ArcGIS 9. images. Data were extracted by examination of individual HD video frames and by 8 examination of the entire transect for infrequently occurring sessile fauna (Table 1) . 9
Density of infrequently occurring sessile fauna that may have been underestimated 10 by examination of individual frames (see below) was assessed using a through the 11 gate counting method. Two lasers mounted in parallel projected dots onto the sea 12 floor a fixed distance (0.5m) apart. Start and end points of each tow were determined 13 using GPS. The whole video transect was viewed, and occurrences of each taxon 14 15 were converted to density by dividing by the total area sampled (laser spacing x tow 16 distance). 17
Individual frames were sampled from the raw video stream at five second intervals to 18 avoid any overlap between the images, and were overlaid with a 0.25 m 2 counting 19 grid, allowing the extraction of density and % cover information for each taxon 20 ( Figure 4a ). About 100 frames were available from each transect, but examination of 21 every frame would have been prohibitively time-consuming. Therefore, an initial 22 analysis of a sample data set from 12 sites was conducted to determine the number 23 of frames that could be sampled without loss of accuracy compared to sampling all 24 frames. This analysis used a two-stage approach within the PRIMER software 25 package [50] . First, matrices of Bray-Curtis similarity of multivariate (70 taxa) 26 assemblage structure between the 12 test sites were derived separately for the full 27 (100%) dataset, and from decreasing fractions (1/2, 1/3, 1/4). The relationships 28 between the matrices from these separate fractions, and the full dataset, were then 29 compared using two-stage MDS and ANOSIM [42] . This showed that sampling 1/2 or 30 1/3 of the available frames per 200 m transect gave equivalent results to sampling all 31 frames, but below that level there was an unacceptable loss of information for the 32   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 8 gain in sample processing time. Mean number of frames available (i.e. 100%) in the 1 trial was 88.75; 1/3 of this is 29.6, so future analyses were therefore conducted using 2 30 frames. All data extracted from frames were pooled at the transect level to avoid 3 pseudoreplication issues and to increase the precision with which differences in 4 epibenthic response metrics could be detected. 5
For each frame, the dominant substrate type was recorded, so that frames on 6 principally soft substrates were eliminated from the analysis, as were those where 7 visibility was poor, or the array was not in the correct orientation or distance from the 8 seafloor. Species identifications were visual, but augmented by comparison of video 9 images with diver-collected reference specimens obtained from a small number of 10 sites in the first year of surveys. 11
Size class data were extracted for six large, frequently occurring, benthic taxa, using 12 the counting grid. Data were only collected for those individual organisms where the 13 axis being measured was oriented normally to the camera angle 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 10 control treatments over time, in that NC should become more similar to CC 1 (univariate example given in Figure 5 ). 2 <<Figure 5 about here>> 3 4 Where differences were observed between years and treatments in the multivariate 5 analyses, SIMPER (similarity percentage) analysis within the PRIMER package was 6 used to examine the relative contribution of individual taxa to those differences. 7
Analyses of size class data used multinomial logit log-linear models [57] in SPSS 8 version 18 (IBM corporation, 2010), because these data were categorical, rather 9 than direct measurements, and the distribution of observations across years and 10 treatments was severely unbalanced. 11
Baited video 12
The 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 11 Fieldwork was conducted annually between July and September, with a seasonal 1 component added for BRUV which also took place in March-April. Both the BRUV 2 and towed video kits could be deployed safely in sea conditions up to force four; 3 beyond this the survey was suspended until conditions were more favourable. When 4 weather permitted it was possible to complete three sites (nine replicates is important to note that despite extraction speed increasing over time due to 24 familiarity with methods and species, the greater the degree of restoration of the reef 25 habitats, the slower the extraction process due to the addition of new species and 26 the increasing number of taxa per frame. It is therefore likely that in such a scenario 27 the time taken for extraction will remain consistent between years. 28
The key issues with extracting data from video relate to confidence in the 29 identification of taxa, and the need for consistency. Identifications were visual, but 30 augmented by comparison of video images with diver collected reference specimens 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 12 collected at a small number of sites in the first year of surveys. Some taxa were 1 unable to be resolved to the species level, and were therefore allocated to species 2 complexes, or higher taxonomic levels. Where necessary, experts from Plymouth 3 University and from the Marine Biological Association of the UK assisted with 4 identification of unusual species. As with all studies where multiple individuals are 5 involved with data extraction, a standard approach to the process was essential. 6
Training and cross-checking of species identification and quantification methods 7 prior to extraction and at regular intervals throughout the process ensured 8 consistency was maintained. 9
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